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Introduction
The principle cells of the brain- neurons- express more genes than any other cell type. As many
rudimentary processes of the brain, such as long-lasting changes in synaptic efficacy, involve
alterations to the expression of genes, the characterisation of proteins and processes that influence
transcription is a high priority in neuroscience. An emerging system capable of transducing
signals that likely influence transcription is synapse-to-nucleus macromolecular protein shuttling,
in which synaptic proteins are relayed to the nucleus in a complex with importins (also referred to
by their gene name: Karyopherins/KPNs) andmolecularmotors such as dynein (Jordan andKreutz,
2009, Figure 1C). Despite a central position in a neuronal process capable of altering transcription,
there is a dearth of research into importin function in neurites. In this opinion paper we summarize
neuronal importin understanding to date, present novel ideas relating to their neuronal function
and highlight the reductionist nature of the classical description of nuclear import with the specific
example that complex composition is likely much more intricate than is being considered.
The Classical Function of Importins
Whilst proteins smaller than 40 kDa are free to diffuse in and out of the nucleus via the nuclear
pore complex (NPC), proteins larger than this require importins. Two related families of importins
have been described: Importin-α and importin-β. In humans, there are 7 importin-α isoforms (1–
7) and 19 importin-β isoforms (Yasuhara et al., 2009; Xu et al., 2010; Zienkiewicz et al., 2013,
Figure 1A). Importin-α subtypes comprise of an importin-β binding (IBB) domain followed by 10
armadillo (ARM) repeats that organize into 3 alpha helices (Conti et al., 1998; Kelley et al., 2010).
Importin-β subtypes are composed of 19–20 HEAT repeats that arrange into a super helicoidal
molecule (Xu et al., 2010). The classical pathway best describes importin understanding in nuclear
import (Figure 1B1). This starts with the formation of a trimeric complex outside of the nucleus
consisting of a cargo protein bound to an importin-α with its nuclear localisation signal (NLS)
and the importin-α isoform bound to an importin-β with its N-terminal IBB domain (Goldfarb
et al., 2004). Once formed in the cytoplasm, the trimeric complex translocates to the nucleus,
either passively via diffusion or actively with the retrograde molecular motor dynein (Goldfarb
et al., 2004). At the nuclear envelope, importin-β mediates the passage of the NPC, probably due
to mediation with NPC-proteins FG-nucleoporins (Lott and Cingolani, 2011) and following entry
into the nucleus the 100-fold higher concentration of Ran-GTP binds to importin-β, liberating
the cargo for the second leg of their nuclear mission and the importins for translocation back
to the cytoplasm (Conti and Izaurralde, 2001; Goldfarb et al., 2004; Stewart, 2007; Mason and
Goldfarb, 2009; Ch’ng and Martin, 2011, Figure 1C). There are several exceptions to the classical
description (to be discussed) but the involvement of importins in the nuclear import of cargo
proteins is clear. It is also known that each importin isoform has a unique catalog of interacting
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FIGURE 1 | Importin structures, canonical and non-caconocal
nuclear import and The Importin Code. (A) The general domain
structure of importin-α and importin-β (1) importin-α is composed of an
N-terminus importin-β binding domain (IBB) followed by 10 armadillo (ARM)
repeats- cargo proteins typically bind at either ARMs 2–4 (monopartite
binding at the major site) or at ARMs 2–4 and ARMs 7–8 (bipartite binding
at the major and minor sites, respectively). Importin-β isoforms are
comprised of 19-20 HEAT repeats. (B) Nuclear import in neurons from the
soma, axons and dendrites/synapses: all of which may incorporate The
Importin Code and converge in the nucleus where transcriptional alterations
can be induced. (1) The classical description of nuclear import. The trimeric
complex (importin-α, importin-β and cargo) translocates from the soma,
across the nuclear pore complex (NPC) at the nuclear envelope (NE) and
into the nucleus where Ran-GTP binds importin-β, liberating components of
the complex. Importin-β likely transports back to the cytoplasm, whereas
the cargo and importin-α may perform nuclear functions. (2) Nuclear import
from axons. A complex composed of importin-α, importin-β and cargo
(trimeric complex shown) is attached to microtubules via the molecular
motor dynein, which drives the complex to the nucleus. (3)
Synapse-to-nucleus transport. Importin-α and cargo proteins likely
assemble in the synapse and are transported to the nucleus along
microtubules by the molecular motor dynein. Importin-β is incorporated into
the complex prior to NPC passage. (C) The Importin Code. (1) Classically
described importin codes: the trimeric complex and importin-β alone with a
cargo, (2) importin codes that are frequently attached as caveats to the
classically described complex compositions. Importin-α can mediate cargo
transport alone, 2 importin-β(s) can mediate transport, cargos can execute
their own nuclear import independently of importins and importins may
carry 2 cargos. (3) Possible importin codes incorporating the newly
proposed non-importin family member cargo-specific importins (NICSIs). (4)
Highly speculative importin codes based on the possibility of NICSI
involvement in nuclear import and on potential importin-α dimers.
partners and distinct subcellular expression (Nadler et al.,
1997; Kelley et al., 2010; Schaller et al., 2014). As a result of
these findings, a parsimonious hypothesis emerged: Importins
function as adaptor proteins, linking distinct cargo proteins
to nuclear import complexes. Therefore, by changing the
expression of importins contributing to nuclear import—
which is induced by activity—the nuclear proteome is shuﬄed,
with likely alterations in transcriptional output and cellular
phenotypes. As long-term forms of synaptic plasticity require
such alterations in transcriptional output from the nucleus,
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the possibility that importins are central in this neuronal
process is obvious (Thompson et al., 2004; West and Greenberg,
2011).
Importins in Synapse-to-Nucleus Transport
Importins exhibit a widespread distribution in dendrites, axons
and synapses (Thompson et al., 2004; Jeffrey et al., 2009;
Higashi-Kovtun et al., 2010). Evidence for importins having
unique interacting partners in neurons comes from the finding
that knockdown of importin-α1 results in improper nuclear
accumulation of PER in drosophila neurons, whereas importin-
α2 or importin-α3 knockdown did not have the same effect (Jang
et al., 2015). Crucially, interactions and subcellular localisations
of importins are altered by neuronal activity (Hanz et al.,
2003; Thompson et al., 2004; Perlson et al., 2005; Dieterich
et al., 2008; Jeffrey et al., 2009). This was first shown with
the finding that importin-α and importin-β isoforms interact
with the retrograde molecular motor dynein in the axoplasm
of rats and that nerve injury induces increased association
of importin-β1 with dynein, presumably to rapidly convey
the new neuronal information to the nucleus using cargo
proteins such as ERK1-2 (Hanz et al., 2003; Perlson et al.,
2005). This axon-to-nucleus communication of the new neuronal
environment is made more efficient by the local translation of
importin-β (Hanz et al., 2003). At a similar time, it emerged
that importins redistribute from synaptic sites to the nucleus
following the activation of synaptic receptors and that this
redistribution was required for the persistence of long-term
forms of synaptic plasticity (Thompson et al., 2004). Spatial
and functional aspects of neuronal importins were refined with
the finding that importin-α1 redistributes to the nucleus with
synapse-to-nucleus messenger protein Jacob following synaptic
activity (Dieterich et al., 2008) and that importin-α5 (named
importin-α1 in the paper due to use of previous nomenclature)
is liberated from basal associations with NMDARs following
activation of these receptors, allowing nuclear accumulation
(Jeffrey et al., 2009). These seminal studies give rise to the
hypothesis that importins function as adaptor proteins in
the mediation of cargo-specific activity-dependent synapse-
to-nucleus transport. There are several caveats concerned
with this description. Rather than just governing nuclear
localization, neuronal importins control protein expression
across several subcellular localisations: Importin-β11 retains
pMAD in the synapse and importin-α1 (importin-α2 in the
paper due to unique terminology use) keeps Oct6/Brn2 in
the cytoplasm (Higashi-Kovtun et al., 2010; Yasuhara et al.,
2013). A strong candidate for how importins achieve this
is that they maintain the current state of post-translational
modifications on proteins. This is supported by the finding
that enhanced neuronal cell death in importin-α5 knockout
mice is rescued by the viral transfection of constitutively
active STAT3 (pSTAT3), implying that importin-α5 may protect
STAT3 from dephosphorylation (Ben-Yaakov et al., 2012).
Emerging non-canonical functions vehemently underscore the
inability of the conventional “adaptor protein” description to
sufficiently depict importin functions. So, how reliably does
the classical description represent importin function in nuclear
import?
Limitations of the Classical Pathway:
Proposition of The Importin Code
The classical importin pathway relies on the trimeric complex
(importin-β-importin-α-Cargo, see Figure 1C1), yet complex
composition is known to be much more flexible. Nuclear import
of cargo can be facilitated by a single importin-α (Kotera
et al., 2005), single or multiple importin-β(s) (there are 11
known importin-β heterodimers) (Jäkel et al., 1999; Harel and
Forbes, 2004; Xu et al., 2010) or a mechanism independent
of any importin (Fagotto et al., 1998) and it remains possible
that importins can carry 2 cargos at a time (Hodges et al.,
2005) (Figure 1C2). As complex composition is acknowledged
to be variable, what other combinations might exist? In their
unraveling of the nuclear import complex involved in circadian
regulation (importin-α1-TIM1-PER1) (Jang et al., 2015) find
that TIM1 is evolutionarily homologous with importins and
propose that it is a PER-specific importin. Likewise, Marcora and
Kennedy (2010) predict that, due to similar primary and deduced
secondary structure of Huntingtin (Htt) with importin-β1, Htt
may be an NFκB-specific importin in a complex composed of
importin-α2, Htt and NFκB. The proposition of non-importin-
family-member cargo-specific importins (NICSI’s) is novel and
warrants validation but it isn’t a giant leap, rather, it is an
extension of the existing concept of cargo-specificity in nuclear
import (Figure 1C3). Because of homology to importin-β in
both of the above examples, the authors predict that the NICSI
replaces the importin-β in the transport complex. However,
Jang et al. (2015) found that removal of the IBB domain of
importin-α1 did not prevent binding of importin-α1 to TIM1,
suggesting that NICSIs act as cargos to importin-α(s) and that
transport complexes could feasibly be composed of importin-
α, NICSI and cargo with or without an importin-β. Based
on sequence similarities of over 20% identical to importin-
β1 (importin-β family members typically have between 15 and
20% homology) there are at least 5 more easily-identifiable
NICSIs (MIP, BRAT1, TNPO2, STK36, SPAG6) (elucidated
via BLAST search on NCBI database). As TIM1 and Htt do
not meet this criterion, we expect that there are more yet-
to-be-discovered NICSIs based on evolutionary homology and
primary/secondary/tertiary structures. We would expect that
NICSIs have unique interacting partners, in the same manner
as importin-α isoforms. Other potential transport complex
combinations include those expressing interactions between
importin-α isoforms due to the finding that importin-α1 interacts
with importin-α3 and importin-α7, and importin-α4 interacts
with importin-α7 in a non-neuronal model (Kristensen et al.,
2012). Assuming that some importin-α isoforms can combine
with each other in neurons and that there are a number of
NICSIs that are components of synapse-to-nucleus complexes,
the number of potential importin-β, importin-α, importin-α and
NICSI combinations becomes huge (in the order of thousands).
We do not expect that all of the thousands of potential
importin combinations exist but we suggest that there is a
Frontiers in Molecular Neuroscience | www.frontiersin.org 3 July 2015 | Volume 8 | Article 33
Lever et al. An Importin Code in neuronal transport from synapse-to-nucleus?
much greater number of importin combinations than is currently
being portrayed by the classical description (Figure 1C4). Our
prediction is that importins are involved in a highly regulatory
system in cells with the expression of The Importin Code:
Unique importin combinations that provide tight control over
synaptic protein selection for nuclear import and govern cellular
phenotypes. Just as a barcode can read and decode a specific
item into the readout of a price, if we could catalog and read
importin codes, we could decode synaptic proteins for nuclear
import into the readout of a cellular phenotype. Very little is
known about the dynamics of proteome expression in the synapse
but it is estimated that there are ∼2700 synaptic proteins and
that ∼10% possess bona fide NLSs (Jordan et al., 2004, 2007;
Pielot et al., 2012). As the possession of a NLS infers ability to
be translocated to the nucleus, the scope for regulating which
synaptic proteins are to be transported to the nucleus is very
high. Neurons thus require a highly specific system capable of
selecting potentially between more than 200 synaptic proteins
for activity-dependent nucleocytplasmic shuttling in accordance
with the current environment. With a possibility to generate this
number of combinations, The Importin Code has the capacity to
be such a governing system.
Conclusions
Whilst the hypothesis that importins function as adaptor proteins
in the mediation of cargo-specific synapse-to-nucleus transport
for key brain processes such as long-term forms of synaptic
plasticity is informative and useful, it has several important
caveats: Non-canonical importin functions are emerging and the
role of importins in transport cargo specificity is likely being
underestimated. The Importin Code best depicts the grand cargo
specificity that importins provide to tightly regulate synaptic
protein selection for nuclear import that ultimately governs
cellular phenotypes.
Acknowledgments
The work in the lab of MK was supported in recent years by
grants from the Alexander-von-Humboldt Foundation (AvH),
Bundesministerium für Forschung und Technologie (BMBF),
Deutscher Akademischer Austauschdienst (DAAD), Deutsche
Forschungsgemeinschaft (DFG), Leibniz Foundation (Pakt für
Forschung), EU-FP7 MC-ITN NPlast, CBBS and Schram
Foundation.
References
Ben-Yaakov, K., Dagan, S. Y., Segal-Ruder, Y., Shalem, O., Vuppalanchi, D.,
Willis, D. E., et al. (2012). Axonal transcription factors signal retrogradely
in lesioned peripheral nerve. EMBO J. 31, 1350–1363. doi: 10.1038/emboj.20
11.494
Ch’ng, T. H., and Martin, K. C. (2011). Synapse-to-nucleus signaling. Curr. Opin.
Neurobiol. 21, 345–352. doi: 10.1016/j.conb.2011.01.011
Conti E., and Izaurralde E. (2001). Nucleocytoplasmic transport enters the atomic
age. Curr. Opin. Cell. Biol. 13, 310–319.
Conti, E., Uy, M., Leighton, L., Blobel, G., and Kuriyan, J. (1998). Crystallographic
analysis of the recognition of a nuclear localization signal by the nuclear import
factor karyopherin alpha. Cell 94, 193–204. doi: 10.1016/S0092-8674(00)
81419-1
Dieterich, D. C., Karpova, A., Mikhaylova, M., Zdobnova, I., Konig, I.,
Landwehr, M., et al. (2008). Caldendrin-Jacob: a protein liaison that
couples NMDA receptor signalling to the nucleus. PLoS Biol. 6:e34. doi:
10.1371/journal.pbio.0060034
Fagotto, F., Gluck, U., and Gumbiner, B. M. (1998). Nuclear localization signal-
independent and importin/karyopherin-independent nuclear import of beta-
catenin. Curr. Biol. 8, 181–190. doi: 10.1016/S0960-9822(98)70082-X
Goldfarb, D. S., Corbett, A. H., Mason, D. A., Harreman, M. T., and Adam, S. A.
(2004). Importin alpha: a multipurpose nuclear-transport receptor. Trends Cell.
Biol. 14, 505–514. doi: 10.1016/j.tcb.2004.07.016
Hanz, S., Perlson, E., Willis, D., Zheng, J. Q., Massarwa, R., Huerta, J.
J., et al. (2003). Axoplasmic importins enable retrograde injury signaling
in lesioned nerve. Neuron 40, 1095–1104. doi: 10.1016/S0896-6273(03)
00770-0
Harel, A., and Forbes, D. J. (2004). Importin beta: conducting amuch larger cellular
symphony.Mol. Cell 16, 319–330. doi: 10.1016/j.molcel.2004.10.026
Higashi-Kovtun, M. E., Mosca, T. J., Dickman, D. K., Meinertzhagen, I. A.,
and Schwarz, T. L. (2010). Importin-beta11 regulates synaptic phosphorylated
mothers against decapentaplegic, and thereby influences synaptic development
and function at the drosophila neuromuscular junction. J. Neurosci. 30,
5253–5268. doi: 10.1523/JNEUROSCI.3739-09.2010
Hodges, J. L., Leslie, J. H., Mosammaparast, N., Guo, Y., Shabanowitz, J., Hunt, D.
F., et al. (2005). Nuclear import of TFIIB ismediated by Kap114p, a karyopherin
with multiple cargo-binding domains. Mol. Biol. Cell 16, 3200–3210. doi:
10.1091/mbc.E04-11-0990
Jäkel, S., Albig, W., Kutay, U., Bischoff, F. R., Schwamborn, K., Doenecke,
D., et al. (1999). The importin beta/importin 7 heterodimer is a functional
nuclear import receptor for histone H1. EMBO J. 18, 2411–2423. doi:
10.1093/emboj/18.9.2411
Jang, A. R., Moravcevic, K., Saez, L., Young, M. W., and Sehgal, A. (2015).
Drosophila TIM binds importin alpha1, and acts as an adapter to transport
PER to the nucleus. PLoS Genet. 11:e1004974. doi: 10.1371/journal.pgen.10
04974
Jeffrey, R. A., Ch’ng, T. H., O’Dell, T. J., and Martin, K. C. (2009). Activity-
dependent anchoring of importin alpha at the synapse involves regulated
binding to the cytoplasmic tail of the NR1-1a subunit of the NMDA receptor.
J. Neurosci. 29, 15613–15620. doi: 10.1523/JNEUROSCI.3314-09.2009
Jordan, B. A., Fernholz, B. D., Boussac, M., Xu, C., Grigorean, G., Ziff, E.
B., et al. (2004). Identification and verification of novel rodent postsynaptic
density proteins.Mol. Cell. Proteomics 3, 857–871. doi: 10.1074/mcp.M400045-
MCP200
Jordan, B. A., Fernholz, B. D., Khatri, L., and Ziff, E. B. (2007). Activity-dependent
AIDA-1 nuclear signaling regulates nucleolar numbers and protein synthesis in
neurons. Nat. Neurosci. 10, 427–435. doi: 10.1038/nn1867
Jordan, B. A., and Kreutz, M. R. (2009). Nucleocytoplasmic protein shuttling: the
direct route in synapse-to-nucleus signaling. Trends Neurosci. 32, 392–401. doi:
10.1016/j.tins.2009.04.001
Kelley, J. B., Talley, A. M., Spencer, A., Gioeli, D., and Paschal, B. M. (2010).
Karyopherin alpha7 (KPNA7), a divergent member of the importin alpha
family of nuclear import receptors. BMC Cell Biol. 11:63. doi: 10.1186/1471-
2121-11-63
Kotera, I., Sekimoto, T., Miyamoto, Y., Saiwaki, T., Nagoshi, E., Sakagami, H., et al.
(2005). Importin alpha transports CaMKIV to the nucleus without utilizing
importin beta. EMBO J. 24, 942–951. doi: 10.1038/sj.emboj.7600587
Kristensen, A. R., Gsponer, J., and Foster, L. J. (2012). A high-throughput approach
for measuring temporal changes in the interactome. Nat. Methods 9, 907–909.
doi: 10.1038/nmeth.2131
Lott, K., and Cingolani, G. (2011). The importin beta binding domain as a
master regulator of nucleocytoplasmic transport. Biochim. Biophys. Acta 1813,
1578–1592. doi: 10.1016/j.bbamcr.2010.10.012
Frontiers in Molecular Neuroscience | www.frontiersin.org 4 July 2015 | Volume 8 | Article 33
Lever et al. An Importin Code in neuronal transport from synapse-to-nucleus?
Marcora, E., and Kennedy, M. B. (2010). The Huntington’s disease mutation
impairs Huntingtin’s role in the transport of NF-kappaB from the synapse to
the nucleus. Hum. Mol. Genet. 19, 4373–4384. doi: 10.1093/hmg/ddq358
Mason, D. A., and Goldfarb, D. S. (2009). The nuclear transport machinery as a
regulator of drosophila development. Semin. Cell. Dev. Biol. 20, 582–589. doi:
10.1016/j.semcdb.2009.02.006
Nadler, S. G., Tritschler, D., Haffar, O. K., Blake, J., Bruce, A. G., and Cleaveland,
J. S. (1997). Differential expression and sequence-specific interaction of
karyopherin alpha with nuclear localization sequences. J. Biol. Chem. 272,
4310–4315. doi: 10.1074/jbc.272.7.4310
Perlson, E., Hanz, S., Ben-Yaakov, K., Segal-Ruder, Y., Seger, R., and Fainzilber, M.
(2005). Vimentin-dependent spatial translocation of an activated MAP kinase
in injured nerve. Neuron 45, 715–726. doi: 10.1016/j.neuron.2005.01.023
Pielot, R., Smalla, K. H., Müller, A., Landgraf, P., Lehmann, A. C., Eisenschmidt,
E., et al. (2012). SynProt: a database for proteins of detergent-resistant
synaptic protein preparations. Front. Synaptic Neurosci. 4:1. doi:
10.3389/fnsyn.2012.00001
Schaller, T., Pollpeter, D., Apolonia, L., Goujon, C., and Malim, M. H. (2014).
Nuclear import of SAMHD1 is mediated by a classical karyopherin alpha/beta1
dependent pathway and confers sensitivity to VpxMAC induced ubiquitination
and proteasomal degradation. Retrovirology 11:29. doi: 10.1186/1742-
4690-11-29
Stewart, M. (2007). Molecular mechanism of the nuclear protein import cycle.Nat.
Rev. Mol. Cell Biol. 8, 195–208. doi: 10.1038/nrm2114
Thompson, K. R., Otis, K. O., Chen, D. Y., Zhao, Y., O’Dell, T. J., and Martin, K.
C. (2004). Synapse to nucleus signaling during long-term synaptic plasticity;
a role for the classical active nuclear import pathway. Neuron 44, 997–1009.
doi:10.1016/j.neuron.2004.11.025
West, A. E., and Greenberg, M. E. (2011). Neuronal activity-regulated gene
transcription in synapse development and cognitive function. Cold. Spring.
Harb. Perspect. Biol. 3:a005744. doi: 10.1101/cshperspect.a005744
Xu, D., Farmer, A., and Chook, Y. M. (2010). Recognition of nuclear targeting
signals by karyopherin-beta proteins. Curr. Opin. Struct. Biol. 20, 782–790. doi:
10.1016/j.sbi.2010.09.008
Yasuhara, N., Oka, M., and Yoneda, Y. (2009). The role of the nuclear transport
system in cell differentiation. Semin. Cell Dev. Biol. 20, 590–599. doi:
10.1016/j.semcdb.2009.05.003
Yasuhara, N., Yamagishi, R., Arai, Y., Mehmood, R., Kimoto, C., Fujita, T., et al.
(2013). Importin alpha subtypes determine differential transcription factor
localization in embryonic stem cells maintenance. Dev. Cell 26, 123–135. doi:
10.1016/j.devcel.2013.06.022
Zienkiewicz, J., Armitage, A., and Hawiger, J. (2013). Targeting nuclear
import shuttles, importins/karyopherins alpha by a peptide mimicking the
NFkappaB1/p50 nuclear localization sequence. J. Am. Heart Assoc. 2:e000386.
doi: 10.1161/JAHA.113.000386
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Lever, Karpova and Kreutz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 5 July 2015 | Volume 8 | Article 33
